Field investigation and numerical analysis both show that the effects of multi-dynamic pressure on the tunnel deformation and failure in Qianjiaying coal mine are the main reasons, namely, the dynamic pressure of mining adjacent coal seams, the dynamic pressure due to the effects of mining the upper coal seams on the down coal seams and the advance dynamic pressure of coal seam. Field data indicate that the horizontal displacement is more than vertical displacement, which mainly due to the horizontal stress greater than the vertical stress. Through discontinuous deformation analysis (DDA), we have analyzed the shortage of the old support design, and put forward the revised support design. The functions of three adopted cables are different, namely, the middle cable is used to control the displacement of roof strata, and both sides cable are used to transfer the stress of the overlying strata. The corner bolts are used to control the squeezing pressure of two sides of tunnel, so as to effectively control the floor heave of tunnel. Based on DDA analysis, the failure process, deformation field, stress field and damage scope of tunnel under different support design have been investigated. Results have indicated that the DDA method is the potential method to optimize the bolting support design for coal tunnel.
The instability in deep underground engineering is normal affected by the coupled high ground stress and strong-unloading due to the excavation. Rock bolt support is now widely used in temporary tunnel by most of countries. For example, in the United States, Australia, the percent of roof bolt support in coal tunnel has approximately been close to 100%. Most of their successes mainly owes to both adopting fulllength high-strength roof bolts and applying ground stress to the design parameter for support [1] . At present, for deep mining engineering, the main technology for supporting coal temporary tunnel is the combined support method of roof bolt and cable anchor. For extraordinary fractured rock mass, the permeation grouting is added to reinforce the tunnel, which has received a certain effect. These technologies mainly focus to increase surrounding rock strength through roof bolt support, then to improve the stress state of surrounding rock. Therefore, the development of loose rock zone can be effectively controlled. And the stability of surrounding rock can be ensured [2] [3] [4] [5] [6] [7] [8] [9] .
For a long time, people have tried to quantitatively research and analysis tunnel deformation based the existing theories. And some support methods have been put forward according to the corresponding mining conditions. However, due to the complexity of these problems, a precise analytical solution is quite difficult. At this case, it is very useful for numerical simulation to solve similar problem. At present, some numerical methods, such as finite element method (FEM), discrete element method (DEM) and finite difference method et al., have been widely used to research ground pressure and optimum support design [10] [11] [12] . Discontinuous Deformation Analysis (DDA) has both the advantages of FEM and DEM. Therefore, it is more suitable to simulate discontinuity mechanical behavior and finite deformation of rock mass. Now, DDA has been widely used in slope, tunnels, dams, mining, hydraulic and other studies [13] [14] [15] [16] . However, few studies focus on rock bolt and anchor support design based on DDA. In this paper, DDA method has been used to optimize the support design for tunnel in Qianjiaying coal mine of Kailuan Group.
DDA method of rock bolts
DDA of Blocks system, which is presented by Shi [13] [14] [15] , is a numerical calculation method to analyze the discontinuous structures of actual rock mass. The method is parallel to FEM, and has many similarities with DEM. DDA analyzes numerical block elements cut by the structural surface. The method adopts displacement shape function depicting block movement; choose displacement as unknown of simultaneous equations, and use minimum potential energy principle to establish control equation [13] [14] [15] . For all block system, when the geometric conditions of each block, boundary conditions and mechanical conditions are determined, DDA can calculate the displacement, strain and stress for each block, and then determine relative movement between blocks and sliding. Therefore, DDA method can be used to simulate movement, rotate, open, closed etc. of block system. The failure condition has also been judged based on DDA. The basic theory of DDA has been introduced in detail [13] [14] [15] . Here we only introduce the bolting support theory in two-dimensional DDA. Consider a block is connected by a bolt from point 1 1 ( ) x y of block i and point 2 2 ( ) x y of block j, as shown in Fig. 1 . Then the length of the bolt is derived as: So, Suppose the stiffness of the bolt is s, then, the bolt force is:
Therefore, the strain energy of the bolt can be obtained as following: 
The derivatives from Eq. (5), four set of linear equations can be obtained. When the four sets equations are added to the global equation, the corresponding stiffness matrix can be obtained. Twodimensional DDA bolting design is mainly based on these ideas.
2.Geological condition and ground stress in Qianjiaying 1376 working face
Qianjiaying coal mine is a large mines whose designed production capacity about 400 million tons each year. It locates in the southwest of the east-south wing in Kaiping coalfield. The average strike length of working face 1376 is about 903 m, and the slope length about 192m. Working face 1376 locates between Xiaotun and Linzili village. Work face 1375W located in the west of the third mining area has been completely mined. The down coal under the tilt of work face 1377W is being mined. The east part is (x 1 , y 1 ) (x 2 , y 2 ) (l x , l y )
Block i
Block j the side open-off cut of Coal 7# located in the third mining area. At present, there are no big mining activities for Coal 5#. And both the Coal 8# and 9# are being to be mined in the next plan. However, the vertical distance between Coal 7# and 8# is only about two meters, and the distance between Coal 8# and 9# only about eight meters. Therefore, these coal seams are close coal seams. And it is normally difficult to support tunnels.
The main stress is horizontal stress in Qianjiaying coal mine. Ground stress is measured in the site of drilling easily and good rock mass condition. In addition, there is not a large geological structure. CSIRO over-coring gauge method has been used to measure in-situ stress. The diameter of measure holes is 36/136 mm, and the depths of the holes are 7.5m/8.9m, respectively. The first measuring site locates in the main tunnel of West Wing about -600 depths. The results indicate that the maximum principal stress, the intermediate principal stress and the minimum principal stress are about 31.8 MPa, 16.8 MPa and 15.3 MPa. The second measuring site locates in the main tunnel of east Wing about -600 depths. And the three stresses are about 34.3MPa, 15.2 MPa and 14.5 MPa.
3.Analysis of deformation and failure mechanism of deep tunnel

3.1.Deformation and failure of deep tunnels
With the depth of mining increasing, rocks are subjected to the repeated dynamic pressure. In working face 1376, only the vertical original rock stress due to the gravity of rock mass is closely equal to the uniaxial compressive strength of coal. In addition, the maximum stress concentration factor due to the excavation reaches to 2.1 ~ 2.4. Therefore, the shallow rocks around the tunnel have entered into high stress state. The fragmentation amount of rock mass increases and the carrying capacity weakened. In addition with the effects of faults, the roof is easily broken. They bring a greater impact on the mining activity nearby the working face. And the coal seam of local area is soft, and the rib coal is easy to be damaged. Under the coupled effects of high stress and dynamic pressure, the deformation of surround rock increases with the time. There are three times dynamical pressure, such as the mining activity of adjacent work face in the same coal seam, the impact effects of the upper coal seam on the down coal seam, as well as the advancing dynamic pressure effects of mining. Most of the tunnels under the effects of three dynamic pressures are severely damaged. Some typical damage models are as following, coarse roof, fragmental surrounding rock mass and local finite deformation etc. Since there are a great number of joints and fracture of coal seam roof, the roof is difficult to support under the effect of high stress in deep. Finite deformation occurs in local area, and U-steel is severely distorted, as shown in Fig. 2 . In the cut eye of large section in the depth, the floor is severely heaved under the coupled effects of self gravity and mining-induced stress, and the largest amount of floor heave reached about 350~600 mm. The tunnel has been repeatedly repaired at the end. However, it is still difficult to reinforce the tunnel. Fig. 3 indicates that the floor is severely heaved and coal is extruded in the period of back mining. Based on DDA, the deformation and failure of the tunnel under the self gravity of rock and horizontal stress have been numerically analysed. And the failure characteristics have been obtained. Under the effects of self gravity stress of overlying strata, the maximum deformation occurs in the central roof of the tunnel. It is consistent with the theoretical results. Considering of high horizontal stress around the region, there is a big displacement between two sides of the tunnel. In addition, the floor is seriously heaved as shown in Fig. 4 . 
3.2.Analysis on old support system of the tunnel
In order to control tunnel deformation, Qianjiaying coal mine has carried out the corresponding support design. If the roof geological condition around the wind tunnel and transport tunnel is good, the rock bolt and cable system has been used to support the tunnel. The width and height of the tunnel are about 4.5m and 3m, respectively. When the roof condition is not good, such as rock fragment and across faults, the GU25-12 m 2 and GU25-12.69 m 2 metal arch bracket have been adopted. And the space distance is about 600±100 mm. If the roof rocks are fragmentized and the pressure is larger, then the space distance decreases to 400 ± 100 mm. The coupled support system of "rock bolt, metal band and metal net" has been applied in the tunnel. The rebar rock bolt of diameter 22 mm and length 2.4 m or the dextrorse equal strengthen rock bolt of 20 mm diameter and length 2.4 m have been used. The angle between the corner rock bolt and plumb line of roof is about 10°-20°. The central roof bolt is vertical with the roof strata. Top web uses rhombic wire netting. The overlap part of rhombic wire netting is not less than 100 mm. Equal strengthen bolts of diameter 20 mm and length 1.8 m, with plastic net or rhombic metal net, have been used in the rib part of the tunnel. The overlap part of nets is not less than 100 mm, and the space between these nets is not more than 100 mm. Two resin volumes have been used Roof collapse
Horizontal displacement
Floor heave for a bore. Two row rock cables have been installed along the tunnel, and the row space distance between cables are 3.5 m.
Based on the above mention support design, DDA has been used to analyze the nonlinear finite deformation of the tunnel. Fig. 5 (a) is the initial model of tunnel under the coupled support of rock bolt and cable, and Fig. 5 (b) is the failure and stress field figures after the action of self gravity stress and horizontal stress for the same support conditions. Fig. 5(b) indicates that the finite deformation has taken place in the roof strata of the tunnel, and the floor has been heaved by the high horizontal stress. The in-situ observation on the deformation of old support system indicates that the total deformation of the tunnel is very high in about 60 days. In the period of back mining, the maximum displacement between the two sides of the tunnel is about 840 mm, and the maximum velocity of displacement is about 78 mm/d. The total displacement between the roof and the floor is close to 370 mm, and the maximum velocity of displacement is about 40 mm/d, as shown in Fig. 6 . Therefore, both the deformation and deformation velocity are more than the allowable deformation capacity of the tunnel. Fig. 6 indicates that horizontal displacement is more than vertical displacement. One possible reason is that the horizontal stress is more than the vertical stress. Deformation curves reflect that the coupled strength of the surrounding rock and support system is less than the external load. Therefore, it is important to revise the support design to improve the support strength. Based on DDA analysis on the old support design, the displacements of the monitoring points, such as at the top of roof 1m, 2m, 3m, 4m and 5m, have been obtained, respectively, as shown in Fig.7 . Fig. 7 shows that there are large displacements of the monitoring points of 1m and 2m, and the vertical displacement reaches 360 mm and 340 mm, respectively. These calculation results are basically consistent with in-situ monitoring data. Therefore, the region is the fractured zone. The displacement of point 3m is nearly 120 mm. Therefore, the region is the transition zone of fractured zone to intact rock zone. The vertical displacement of point 4m and 5m from the top of the roof are only 3-50 mm. All of these indicate that the rock bolt should strictly control the fractured rock mass distribution on the 1-2m area around the tunnel. And the cable should be more than 5m in order to suspend sufficiently the fractured rock strata on the intact rock strata. 
3.3.Fundamental analysis on deformation and failure of the tunnel
Since the distance between the coal seams is small which can be regarded as close coal seams, the mutual effects of mining activities are great. Three dynamic pressures, namely, the mining activity of adjacent work face in the same coal seam, the impact effects of the upper coal seam on the down coal seam, as well as the advancing dynamic pressure effects of mining, makes it very difficult to support the tunnels. Therefore, there are numerous technical problems in the mining the close coal seams in Qianjiaying coal mine. Some new theories should be developed to interpret the strata movement law of close coal seams under the effects of several dynamic pressures.
According to field monitoring and numerical simulation analysis, the main reasons of tunnel deformation and failure are: (1) One side of the coal tunnel is the mined-out area. The higher stress concentration exists around the tunnel. In addition of a number of small faults existing, the surrounding rock masses are fragmental. When they are nearby the working face, the failure is more serious; (2) the old support system is not rational. For example, the layout of rock cables is unreasonable, which causes the serious subsidence of the roof strata and shoulder corner. There is no support for the floor, which inducing serious floor heave. The stiffness of rhombic metal mess is not sufficiently, which resulting in significant local deformation. According the field observation, numerous local deformations also occur in the fragmental sections of the tunnel, which shows that the stiffness of the support system is not coincidental with the stiffness of the surrounding rock mass. Therefore, the excessive deformation of surrounding rock mass is not effectively controlled. Under the effects of high stress, coal is damage, and its strength also reduces. The supporting body is subjected to the action of rock mass gravity. Therefore, the local deformation is serious. Affected by the faults, the numerous cracks exist in the top coal in local area, and the surrounding rock mass around the tunnel is fragmental. These indicate that the structure of the support system is not coincidental with that of surrounding rock mass. The discontinuous deformation occurs, which results in the slide of wedge-shape body in roof. The overall function of supporting system is further weakened.
4.Optimal support design based on DDA analysis
4.1.Optimal support design
From the viewpoint of single support theory, the composite beam or a combination arch structure can be formed in rock strata through rock bolts. This is actively support system and it can make rock mass to bear partial loads. Rock cable support system which for large-span tunnel can hang the fractured rock strata on the upper intact rock mass. In addition, the corresponding pre-stress can achieve to actively support surrounding rock mass. Therefore, the cable should rationally distribute in the tunnel. Based on the field investigation, theoretical analysis and the existing support system applied in the similar geological condition, we presented a revised optimum support design. The revised support design is the coupled support of rock bolt, cable, metal net and bottom corner bolt. Roof and rib supports adopts dextral uniform strength screw steel bolt of 20×2400 mm. The distance between every row bolt is 800 × 800mm, and the distribution of rock bolt is three flower arrangements. The compound pallets of wooden and metal pallets have been used for rock bolts, in which wooden pallet size 150×150×30mm, and outside metal pallet size 120×120×10 mm. Rock cable is using 17.8 × 8000mm steel strand. The row space distance between the cables is 1600×1600 mm, and the arrangement of 2-3-2. The space distances of each row of 2 or 3 cables are 2000 mm or 1600 mm, respectively. The bottom corner bolt is seamless steel tube of diameter 34 mm and length 2000 mm. There are two bolts distributing two corners of the tunnel, respectively. And the row distance of the corner bolts is 800mm. The metal net is composed of welded steel bar 6 mm. The mesh size of the metal net is about 100 × 100mm, and the edge of metal net are connected with hook.
4.2.Optimal support design analysis based on DDA
Based on the above design and DDA, Figs. 8 shows the final failure model and stress field after loading. The deformation and failure of the tunnel has been efficiently controlled through the new support system. Especially, three rock cables have different functions. The middle cable is to control maximum bending displacement of the roof. Two sides' cables are to control and transfer the overlying rock strata stress. The overlying strata stress will be transferred by the two cables to the deep flank rock mass. This means that the unloading stress due to the excavation will be transferred to deep rock mass. Therefore, the stress condition around the tunnel will be efficiently improved by the support system. And the displacement between the roof and the floor greatly induces, for example the maximum displacement is only about 100 mm, as shown in Fig. 9 . It can nearly satisfy the basic requirements of underground mining engineering. From the analysis on the stress field, the horizontal stress around the tunnel is greater than the vertical stress. The maximum horizontal stress occurs at the top or bottom corner. A certain shear slip appears in rock strata due to the horizontal stress. The bottom corner bolts just effectively control the extrusion of bottom corner coal and rock. In addition, the floor heave has been efficiently controlled. In the high side, we add a bolt. From the in-situ monitoring, the displacement between two sides of the tunnel has also been controlled, and the maximum displacement is about 330 mm, as shown in Fig. 9 . The displacement is still large because the horizontal stress is much larger than the vertical stress in Qianjiaying coal mine. However, compared with the new and old design, the displacement of the revised support design is far less than that of old support design. 
5.Conclusions
In this paper, the deformation and failure of the tunnel in Qianjiaying coal mine has been investigated based on the field observation and DDA. Some preliminary conclusions have been obtained as following:
(1) Through field investigation and numerical analysis, we conclude that the deformation and failure of the tunnel in Qianjiaying is due to the effects of three dynamical pressures, namely, the mining activity of adjacent work face in the same coal seam, the impact effects of the upper coal seam on the down coal seam, as well as the advancing dynamic pressure effects of mining. Since the effects of these dynamical pressures, it is very difficult to support the tunnels in Qianjiaying.
(2) The horizontal displacement is more than the vertical displacement. The possible reason is that the horizontal stress is more than the vertical stress.
(3) In the revised support system, the middle cable is to control maximum bending displacement of the roof; two sides' cables are to control and transfer the overlying rock strata stress; the bottom corner bolts just effectively control the extrusion of bottom corner coal and rock. Therefore, the stress condition around the tunnel will be efficiently improved by the revised support system.
(4) Based on the analysis of DDA, the failure processes of the tunnel under the different support systems have been obtained. In addition, the deformation, stress field and failure area have been quantificational investigated. The DDA numerical results are nearly coincident with the field observation. These confirm that DDA method can be potentially used to bolt support design for the coal tunnel in future.
